Online material: Data les for seismogenic source zones (polygons), smoothed-gridded seismicity models, and hazard curves at 0.2° regular grid spacing over the study region.
INTRODUCTION
Earthquake disasters occur mainly due to the collapse of buildings and structures triggered by ground motions. It is, therefore, important to predict ground-shaking levels in order to determine appropriate building code provisions for earthquake-resistant design of structures. is involves extensive analyses and development of appropriate seismological models; namely, seismogenic sources, seismic site conditions, and ground motion predictions. e hazard products, viz. data and maps, constitute important tools for framing public policies toward land-use planning, building regulations, insurance, and emergency preparedness.
In India, several events during the last 100 years, as listed in Table 1 , indicate that even moderate earthquakes (M W < 7.0) can cause signi cant devastation. On one hand, ongoing urbanization and unprecedented population growth have considerably aggravated the prevailing seismic risk. On the other hand, the available seismic hazard maps covering the entire country are about a decade old. Consequently an updated seismic hazard model for the country is imperative and necessitated by new data, recent ndings, and methodological improvements. In the present study, we make a case for new probabilistic seismic hazard analysis (PSHA) of India. e fundamental studies have been carried out to deliver the hazard components, including seismogenic source zonation and seismicity modeling in the Indian subcontinent ( ingbaijam and Nath 2011), assessment of site conditions across the country (Nath, ingbaijam, Adhikari et al. 2011) , and a suitability test for the ground-motion prediction equations in the regional context . ese components are integrated to deliver a preliminary model consisting of spatial distributions of peak ground acceleration (PGA) and 5%-damped pseudo spectral acceleration (PSA).
EARLIER WORKS
Initial attempts at seismic hazard zonation in the country date back to the late 1950s and early 1960s and were mainly based on subjective and deterministic assessments demarcating regions of varying earthquake damage levels, e.g., Tandon (1956) , Krishna (1959), and Guha (1962) . e current seismic provisions given by the Bureau of Indian Standards (BIS 2002) divide the country into four seismic zones (II, III, IV, and V); zone II is identi ed with the lowest hazard and zone V with the highest hazard. Basu and Nigam (1977) adopted a probabilistic approach to prepare seismic zonation maps in terms of PGA for a return period of ~100 years. Khattri et al. (1984) delivered a hazard map depicting PGA with 10% probability of exceedance in 50 years. Bhatia et al. (1999) preformed a probabilistic seismic hazard analysis of India under the Global Seismic Hazard Assessment Program (GSHAP) framework. Sharma and Malik (2006) reported PSHA for northeast India. In the northwestern portion of Gujarat Province, Petersen et al. (2004) tested characteristic seismicity models for three fault sources. Jaiswal and Sinha (2007) performed a probabilistic computation of seismic hazard in peninsular India. Mahajan et al. (2010) delivered PSHA for the northwestern Himalayas. Khattri (2006) pointed out that the absence of probabilistic features in the seismic zonation of BIS (2002) was a critical shortcoming. Recent studies also have revealed inadequacies in the current provisions; Das et al. (2006) observed that a single zone factor as given by BIS (2002) for entire northeast of India is inaccurate, while Jaiswal and Sinha (2007) reported that hazard in some parts of peninsular India is higher than that given by BIS (2002); a similar observation was made by Mahajan et al. (2010) with respect to the northwestern Himalayas. Since the last decade, there have been signi cant improvements in the understanding of seismogenesis, seismogenic sources, ground shaking, and site characterization. Furthermore, most of the earlier studies did not address the aleatory and epistemic components. Ground-motion variability is recognized as a critical feature (Esteva 1970; Bender 1984; Bommer and Abrahamson 2006) while epistemic uncertainties are generally addressed by employing multiple models (Kulkarni et al. 1984; Bommer et al. 2005) .
DATA AND METHOD

Seismogenic Sources and Seismicity Models
Seismic hazard analysis studies are facilitated by appraisal of the underlying seismotectonic regimes. e Indian subcontinent encompasses di erent seismotectonic provinces as depicted in Figure 1 . e tectonically active interplate regions include the Himalayas, southern Tibetan Plateau, Hindukush-Pamir, Sulaiman-Kirthar ranges, Indo-Myanmar arc, and AndamanSumatra belt. e Shillong Plateau zone in northeast India is a special case of an "intraplate margin" region associated with active deformations (e.g., . On the other hand, peninsular India is delineated as a stable continental region (SCR). e subduction zones include that of Hindukush-Pamir in the northwest, the Indo-Myanmar arc, and the Andaman-Sumatra seismic belt. Subduction interface earthquakes are also observed across the Himalayas and in the northwestern parts of Indian plate boundary.
ingbaijam and Nath (2011) carried out an extensive study to determine and parameterize the underlying seismogenic source zones in the Indian subcontinent. ey employed the earthquake catalog (accessible at http://www.earthqhaz. net/sacat/; Nath, ingbaijam, and Ghosh 2011) supplemented by records of historical earthquakes (occurring prior to 1900 and as early as A.D. 819), focal mechanism data from the Global Centroid Moment Tensor database and published literature, and palaeoseismicity ndings. e fault database, as depicted in Figure 1 , has also been employed with the data obtained from the seismotectonic map of India published by the Geological Survey of India (Dasgupta et al. 2000) , the seismotectonic map of Afghanistan and the adjoining region published by the U.S. Geological Survey (Wheeler and Rukstales 2007) and that given by Wellman (1966) , the tectonic map of the Andaman-Sumatra belt given by Curray (1991) , and the fault map of Tibet prepared by He and Tsukuda (2003) .
ingbaijam and Nath (2011) formulated a layered seismogenic source zonation corresponding to four hypocentral depth ranges (in km): 0-25, 25-70, 70-180, and 180-300. Figure 2 depicts the areal source zones delineated on the basis of seismicity, fault patterns, and similarity in fault-plane solutions.
e representative focal mechanism given in the gure for each zone was derived from the weighted average of the known moment tensors ingbaijam 2011) . e Gutenberg and Richter (GR) parameters for the zones, i.e., a-value and b-value, were estimated by means of the maximum likelihood method while the maximum earthquakes m max was decided according to results of earlier investigations or the seismicity analysis performed by the authors. e magnitude of completeness m c of the earthquake catalog has spatiotemporal variations; this is taken care of while estimating the seismicity parameters for each source zone. e earthquakes have been assigned to each source zone according to epicenter location and hypocentral depth. e earthquake occurrences are considered to be random, following a Poissonian distribution. Smoothed seismicity models represented by seismic activity rates at a regular interval of 0.2° were also constructed for threshold magnitudes of M W 4.5 and M W 5.5, respectively. e threshold magnitudes correspond to the overall variations in the magnitude of completeness for subcatalogs covering the periods 1964-2008 and 1900-2008, respectively ingbaijam 2011) . e electronic supplement contains the data les for all the source zones.
Ground Motion Prediction Equations
We adopt 16 ground motion prediction equations (GMPEs) as listed in Table 2 for the hazard computations. e GMPEs are selected according to the assessment carried out by . A number of candidate GMPEs were selected for the di erent seismotectonic provinces across India based on the criteria given by Bommer et al. (2010) and then subjected to the suitability test proposed by Scherbaum et al. (2009) . reported that there is general conformity among the GMPEs developed for tectonically active shallow crust while those developed for intraplate regions associating higher ground motions have lower ranks (or suitability), and the subduction zones have signi cant regional implications. In the present selection, we have included lower-ranked equations such that they are either equally matched or outnumbered by those of higher ranks. Figure 3 depicts the logic tree constructed for the GMPEs in the present analysis. e ranking analyses were carried out using macroseismic intensity data due to which the ranking parameter (i.e., log-likelihood) does not have large variations in several cases (cf., ). Nevertheless, the ranking analysis indicated important considerations to be taken while adopting the relevant GMPEs, such as regional corrections suggested by the developers and elimination due to rather poor conformity. e decision to assign equal weights is taken in order to avoid clear-cut preference. Higher in uence by the GPMEs with higher rank collectively, nonetheless, is achieved owing to the selection. e equations selected for tectonically active shallow crust regions include those of Akkar and Bommer (2010) , Boore and Atkinson (2008) , Campbell and Bozorgnia (2008) , and Sharma et al. (2009) . e equations developed by Kanno et al. (2006) and Zhao et al. (2006) address tectonically active shallow crust and subduction zones. For the SCR, the adopted equations include those of Atkinson and Boore (2006) , Toro (2002) , Raghukanth and Iyengar (2007) , and Campbell (2003) . In the intraplate margin region of northeast India, the equation developed by Nath, ingbaijam, Maiti, and Nayak (2011) for the region is included. In order to approximate the associated active deformations, we also include the equation given by Sharma et al. (2009) .
For the subduction zones, several considerations are imposed according to the observations of . e equation developed by Atkinson and Boore (2003) is incorporated with correction for Japan in the case of the Himalayas and northwest India-Eurasia convergence, and with correction for Cascadia in the cases of the Indo-Myanmar and Andaman-Sumatra subduction zones. e equation developed by Atkinson and Macias (2009) is restricted to interface earthquakes with magnitude M W ≥ 7.5. Likewise, the equations developed by Gupta (2010) and Lee (2008) are restricted to intraslab regions of IndoMyanmar and Himalayas/Hindukush-Pamir, respectively. e equation developed by Youngs et al. (1997) based on the worldwide data is also limited to the intraslab-subduction zones.
e adjustments for compatibility between the GMPEs are applied in the same manner as carried out by . e mean peak horizontal component of the ground motion is homogenized in terms of new geometric mean de nition, namely GMRotI50, as given by Boore et al. (2006) . e conversion factors given by Beyer and Bommer (2006) and Campbell and Bozorgnia (2008) are used accordingly. e di erent source-to-site distance measures, namely R JB (Joyner-Boore distance), R EPIC (epicentral distance), R RUP (rupture distance), R HYPO (hypocentral distance), and R CF (distance to the site from center of the fault rupture) for larger earthquakes (M W > 6.4) are calculated by constructing nitefault models. e predominant focal mechanisms as depicted in Figure 2 are used for this purpose. is approach has been adopted instead of using the relations developed by Scherbaum et al. (2004) for tectonically active shallow crustal regions owing to di erent seismotectonic regimes in the present case. For smaller magnitude earthquakes (M W < 6.5), coincidence is assumed between R JB and R EPIC , R RUP and R HYPO , and R CF and R HYPO , respectively. To estimate the rupture dimensions Figure 3 . The logic tree framework for the ground motion prediction equations; the assigned weights are given inside the square brackets and the references for the codes used for the equations are listed in Table 2 .
(i.e., length and width), we use the relations given by Wells and Coppersmith (1994) for crustal events and those given by Strasser et al. (2010) for the subduction earthquakes. For the large intraplate earthquakes with reverse faulting, the faultrupture area estimated from the magnitude is constrained by a factor of 2 . Following the observation of Mai et al. (2005) that the hypocenters in strike-slip and crustal dip-slip events mostly occur in deeper sections of the fault plane, the location of hypocenter is placed on the plane decided by 0.5 and 0.8 (reverse faulting), 0.5 and 0.4 (strikeslip faulting), and 0.5 and 0.2 (normal faulting) of the rupture length and width, respectively, from the fault location. e fault location is the top corner of the fault plane such that the dip is on the right-hand side. Depth to shear-wave velocity V S = 1.0 km/s (Z 1.0 ) is estimated using the relation between Z 1.0 and V S30 given by Chiou and Youngs (2008) while depth to V S = 2.5 km (Z 2.5 ) is assigned 2 km following Boore and Atkinson (2008) .
e computed scenarios consider varying hypocentral depths with homogenous distribution of source-to-site distance not less than 15 km for the shallow crustal zones. is is to avoid estimating ground motions at very near-source locations. Resolving the uncertainty associated with near-source ground motions is currently a topic of active research (Mai 2009 ). For the lower crust and subduction zones, the minimum hypocentral depths are assigned for the source locations.
Seismic Site Conditions
Site conditions considered in previous PSHA studies in India discussed earlier include hard rock, rock, and sti soil conditions. e site classi cation scheme given by the National Earthquake Hazards Reduction Program ( In view of the site characterization studies across the country, we consider rm-rock site conditions (standard engineering bedrock) to be more realistic for the regional hazard computations.
e standard engineering bedrock conforms to V S30~7 60 m/s (de ned as boundary site-class BC). e GMPEs employed in the present analysis are accordingly adopted for the respective site condition uniformly. At the same time, we assume a correction factor of 1 with negligible uncertainty between site-class BC and site-class B (e.g., Boore and Atkinson 2008) .
Computational Framework
In the probabilistic seismic hazard analysis, annual rate of ground motion exceeding a speci c value is computed to account for di erent return periods of the hazard. Contributions from all the relevant sources and possible events are considered. e computational formulation as developed by Cornell (1968) , Esteva (1970), and McGuire (1976) is given as follows:
where λ(a>A) is the annual frequency of exceedance of ground motion amplitude A, ν i , is the annual activity rate for ith seismogenic source for a threshold magnitude, and function P yields probability of the ground motion parameter a exceeding A for a given magnitude m at source-to-site distance r. Also considered is the standard deviation of the residuals (in log-normal distribution) associated with GMPE, denoted by σ. e corresponding probability density functions are represented by f m (m), f r (r), and f σ (σ). e probability density function for the magnitudes is generally derived from the GR relation (Gutenberg and Richter 1944) . e present implementation makes use of the truncated exponential density function given by Cornell and Vanmarcke (1969) ,
where β = b ln(10) and b refers to the b-value of GR relation. e distribution is bounded within the minimum magnitude m min and maximum magnitude m max . Instead of considering probability function for the source-to-site distance measure explicitly, we adopt gridded-point locations within the source zone, wherein nite-fault ruptures are constructed based on the rupture dimensions estimated for each magnitude and the representative focal mechanism as discussed earlier. e seismogenic source is formulated with two schemes; namely, smoothed-gridded seismicity and uniform-seismicity areal zones (or uniformly smoothed). e former entails spatially varying annual activity rates while b-value and m max remain xed within the source zone. is assumes b-value and activity rate to be uncorrelated and a non-uniform distribution of earthquake probability within a zone. On the other hand, the latter postulates each point within the zone to have equal probability for earthquake occurrences.
Ground motion variability constitutes aleatory uncertainty intrinsic to the de nition of GMPEs and consequently to that of PHSA. Computations based only on the median ground motions and ignoring the associated variability are known to underestimate the hazards, especially at low annual frequencies of exceedance (Bender 1984; Bommer and Abrahamson 2006) . Explicit treatment of the uncertainty is generally achieved by integrating to a number of times the standard deviation; the number of standard deviations is denoted by ε and its maximum value by ε max . e ground motions become unrealistically high with increasing ε max necessitating truncation at a speci c value. We do not explore any technical basis for the selection of ε max other than that truncation at ε max < 3 has been found to be inappropriate (e.g., Bommer and Abrahamson 2006; Strasser et al. 2008) . e upper bound of the ground motions (or constraining the physical limits on the ground motion values) is a topic of ongoing research (Bommer et al. 2004; Strasser and Bommer 2009) . e values of ε max ranging from 2 to 4 are usually employed (e.g., Bernreuter et al. 1989; Romeo and Prestininzi 2000; Marin et al. 2004) . ese aspects allow us to consider ε max = 3 to be pragmatic, and the same is accordingly adopted uniformly for all the GMPEs in the present study.
e hazard computation is performed on grid-points covering the entire study region at a spacing of 0.2°. Logic tree framework is employed in the computation at each site to incorporate multiple models in source considerations, GMPEs, and seismicity parameters. Figure 4 depicts a logic tree formulation at a site. In the present study, the seismogenic source framework represented by smoothed-gridded seismicity is collectively assigned weight equal to 0.6. e adopted two models corresponding to the threshold magnitudes of M W 4.5 and M W 5.5 are further assigned weights equal to 0.45 and 0.55, respectively. e latter was derived using an earthquake catalog having a longer period compared to the former, and therefore entails higher weight. e seismicity model parameters are assigned weights of 0.36 while the respective 1 standard deviation gets weight equal to 0.32. Similar weight allotment is assigned to m max.
e computations are performed with the minimum magnitude equal to M W 4.5. is consideration is corroborated by seismic intensity attenuation models provided by Szeliga et al. (2010) . e hazard distributions are computed for the source zones at each depth-section separately, and therea er, integrated. Figure 5 depicts spatial distributions of PGA at 10% probability of exceedance in 50 years estimated for each hypocentral depth-section across active Himalayan tracts and northeast India. e smoothed-gridded seismicity source zonations have been exclusively considered in this case. e hazard contributions from the upper crust zones (0-25 km hypocentral depth range) cover the entire region. In the case of the lower crust zone, i.e., 25-70 km hypocentral depth range, higher hazards are concentrated in two regions: the west-central Himalayas and northeast India. e intraslab earthquakes in the IndoMyanmar arc occurring in the depth range of 70-180 km constitute a major hazard contributor in northeast India. On the other hand, western parts of Kashmir are exposed to shallow as well as subduction earthquakes. Although not depicted in the gure, hazards from shallow and deep-seated earthquakes can also be noted for the Andaman-Nicobar Islands. e results obtained for each depth range are integrated to establish the overall hazard distribution in the country. Figure 6 depicts the hazard curves obtained at major cities in India; the electronic supplement contains the data les for all the site grid-points. e seismic hazard maps are presented in Figure 7 . ese correspond to spatial distribution of PGA and PSA at 0.2 sec and 1 sec computed for 10% and 2% probability of exceedance in 50 years, which correspond to return periods of 475 years and 2,475 years, respectively. In the tectonically active region, higher hazard areas include the extent of the Garhwal Himalayas, parts of western Kashmir, and northeast India. e western Gujarat and Koyna-Warna regions in the stable continental region exhibit higher hazard. Furthermore, regions in and around Delhi, Jabalpur, Satpura, Latur, Bhadrachalam, Ongole, Bangalore, Chennai, Coimbatore, and the Bengal basin have relatively higher hazards. Table 3 compares the computed PGA with those indicated by BIS (2002), GSHAP, and earlier studies carried out at selected major cities in India. e computation carried out for 10% probability of exceedance in 50 years is considered for the purpose of comparisons. e present study yields comparatively higher hazard, which is pronounced in the high seismogenic regions. Jaiswal and Sinha (2007) estimated lower hazard in the highly Figure 4 . A logic tree formulation at a site for the source specified as that of tectonically active shallow crust region with predominant strike-slip faulting; the GPME framework for different tectonic regions is given in Figure 3 . seismogenic zones of Kutch, Gujarat, and Koyna-Warna regions.
RESULTS AND DISCUSSION Deliverables
Seismic Hazard Perspectives
e same is true of Menon et al. (2010) in Tamil Nadu. e present results are, however, similar to those of in Bangalore. In the northwestern Himalayas, Mahajan et al. (2010) estimated maximum PGA as high as 0.75 g. e present analysis associates the region with a maximum of about 0.60 g. In northeast India, the results of the present study are 1.3-2.0 times larger than those of Sharma and Malik (2006) .
In order to evaluate the updated seismic hazard analysis vis-à-vis the current provisions, we selected eight cities, two of which are located in each of the four speci c seismic zones classi ed by BIS (2002) . Figure 8 depicts plots of design response spectra at 5% damping for rm rock site conditions at each city. e PSA at 0.2 sec and 1 sec, respectively, for a 2,475-year return period are employed following the scheme outlined by the International Building Code (IBC 2006 (IBC , 2009 . It is observed that the provision given by BIS (2002) greatly underestimates the hazard distribution. e di erences in the estimated hazard distribution compared to the previous studies can be attributed to several factors:
1. In the present study, the GMPEs have been used as appropriate for di erent seismotectonic regimes. is aspect has been overlooked in most of the earlier studies; for instance Bhatia et al. (1999) e layered seismogenic source framework based on hypocentral-depth distribution for the areal zonation, and smoothed-gridded seismicity models employed in the present study, conforms to the variation of seismotectonic attributes with hypocentral depth, especially in subduction zones. is is a signi cant improvement over the previous studies where seismotectonic attribution has been oversimpli ed. 3. Multiple models for the seismogenic source and seismicity parameters were not considered in most of the previous studies, except for Jaiswal and Sinha (2007) and Menon et al. (2010) . 4. e hazard computation in the present study incorporates the ground-motion variability, which incidentally could be a major reason for the estimation of comparatively higher hazard. Previous studies delivered the hazard estimates in terms of median (or mean) ground-motion values. As depicted in Figure 9 , the observations at di erent cities indicate that the median ground-motion values are signicantly lower, especially at lower annual exceedance rates.
CONCLUDING REMARKS
e present study delivers a new-generation probabilistic seismic hazard analysis of India. An attempt has been made to deliver signi cant improvement in the hazard assessment with incorporation of new data and concepts in seismogenic source considerations, ground motion predictions, and treatment of the associated inherent uncertainties. e hazard distribution has been computed in terms of spectral accelerations at short and long periods, i.e., 0.2 and 1 sec, respectively, which were hitherto unavailable for the entire country. Notwithstanding that further re nement in the hazard computation is warranted from additional features such as fault speci c and timedependent seismicity models, the present results indicate that the hazard distribution in the country is signi cantly higher than that speci ed previously by GSHAP and BIS (2002) . We envision that the present study will facilitate updating the national building code provisions for earthquake-resistant construction in the country. 
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